Brief stimulation of the pancreas with arginine causes a refractory state which reduces the insulin response to subsequent stimulations (time-dependent inhibition). In control subjects, a pair of arginine injections (75 mg/kg) at a 30-min interval resulted in 20% reduction of peak and integrated insulin responses to the second injection. In Type 2 (non-insulin-dependent) diabetic patients and in obese subjects, the inhibitory effect of repeated arginine stimuli was abolished. Healthy subjects were made acutely hyperglycaemic (9.3_ 0.3 mmol/1) by the glucose clamp technique. This induced a three-to fivefold greater insulin response to arginine. Compared to the response of diabetic subjects with similar hyperglycaemia, the control subjects secreted four to nine times more insulin. When the arginine stimulation was repeated 30 rain later, no inhibition was observed, the second insulin response being instead augmented 1.5-to 1.8-fold. We conclude that (1) the insulin response to arginine is markedly reduced in Type 2 diabetes; (2) arginine-induced time-dependent inhibition of insulin release is abolished in patients with minimal to moderate hyperglycaemia; (3) this is probably due to the acute synergistic action of glucose and arginine on the B cell; (4) time-dependent inhibition of insulin release may be a protective mechanism against insulin oversecretion following repetitive stimulation of the pancreas; its abolition in hyperglycaemic states may be a compensatory mechanism, allowing substantial increases in insulin output.
Previous studies in vivo and in vitro have demonstrated that the response of the pancreas to insulin secretagogues may be modified by prior exposure to the stimulator. Prolonged stimulation with glucose, repeated after a rest interval, resulted in two-to threefold amplification of the second insulin response [1] [2] [3] [4] [5] [6] [7] [8] [9] . In contrast, when glucose was given as a short (bolus) stimulation, the insulin response to a subsequent challenge was reduced [1, 3, 4, 10] . With arginine only the inhibitory component of this time-dependent effect could be demonstrated [3] . Thus insulin secretagogues, apart from their acute releasing effect, may generate a state in the islet which according to the nature of the stimulator and the conditions of exposure induce potentiation or inhibition of the response to subsequent stimulations.
The effect of arginine on insulin secretion is glucose-dependent, the amino acid being ineffective at low glucose levels [11] . In addition, a strong synergism exists between arginine and high concentrations of glucose with respect to the stimulation of the acute insulin response [12] . These facts prompted us to study the timedependent inhibitory (TDI) effect of repetitive arginine stimulations under conditions where the glucose-arginine synergism is expected, i. e. in subjects with various degrees of hyperglycaemia, to clarify if these two sets of events in the islet are interrelated.
Materials and methods

Subjects
Seven healthy volunteers (21-31 years, within 10% of ideal body weight) participated. Five Type 2 (non-insulin-dependent) diabetic patients (41-55 years) were taken off oral hypoglycaemic agents and other medication at least 7 days before the study. Their fasting plasma glucose ranged between 9.2-15.9 mmol/1 on the day of study. The five healthy obese volunteers (19-50 years) had a body weight between 156 and 168% of ideal. The nature of the study was explained to all participants and written consent obtained.
Teflon catheters were inserted into antecubital veins of both arms and, at 0 and 30 rain, arginine hydrochloride (75 mg/kg), diluted in saline to a final concentration of 10%, was rapidly injected IV. Blood samples were collected from the contralateral arm into heparinized tubes every 2 min for the following 20 min. The plasma was immediately separated and its glucose concentration determined with a Beckman Glucose Analyzer I. Plasma for insulin determination was stored at -20 ~ In the hyperglycaemic glucose clamp experiments, glucose (150 mg/kg) was injected IV followed by the infusion of a 15% glucose solution at rates adjusted to maintain a constant plasma glucose level.
Analytical procedures
Insulin (IRI) was determined by radioimmunoassay with guinea pig anti-(porcine) insulin serum (Linco Research, Eureka, Missouri, USA) and human insulin standard (Novo Research Institute, Bagsvaerd, Denmark). Statistical analyses were performed using twotailed paired Student's t-test. Results are expressed as mean + SEM. The term integrated IRI relates to the sum of incremental insulin concentrations in the samples indicated.
Results
In healthy subjects, when arginine was injected twice at a 30-min interval, two sharp peaks of insulin response were seen, the second being 20% smaller (Fig. 1) . Although the dose of arginine in the present study was relatively small [for comparison 3, 13] , both the 30-min integrated insulin levels and the peak hormone level were consistently reduced following the second arginine injection (Table 1) . Plasma glucose fluctuated not more than 10% after each injection (Fig. 1) . When the same experimental protocol was applied to Type 2 diabetic patients and obese subjects, no arginine-mediated inhibition of insulin secretion could be demonstrated (Fig. 2) . On the contrary, both integrated and peak insulin levels were somewhat higher after the second stimulus (Table 1) .
The latter two groups had fasting hyperglycaemia (6.3+0.2mmol/l in the obese subjects and 12.7_+ 1.6mmol/1 in Type2 diabetic patients versus 5.2+ 0.2 mmol/1 in control subjects). To investigate whether mild hyperglycaemia per se abolished the arginine-induced TDI, plasma glucose in healthy volunteers was elevated to 9.3 _+ 0.3 mmol/1 by the glucose clamp technique. This degree of hyperglycaemia led to strong amplification of the insulin response to arginine, a 5.3-fold increase in the integrated IRI, and a threefold increase in peak insulin response being observed at the first injection ( Fig. 3 and Table 1 ). The inhibition of insulin release observed when arginine was given at basal glucose was completely abolished by the hyperglycaemia: instead of the expected 20% inhibition, the integrated IRI to the second arginine injection was augmented 1.5-fold and the peak response 1.8-fold during the glucose clamp (Table 1) . 
Discussion
Many insulin secretagogues modify the B cell so as to augment or diminish its responsiveness to subsequent stimulations. Prior exposure of the islet to glucose for 20-60 rain augmented markedly the insulin response to any other stimulus applied up to 60min later [1] [2] [3] [4] [5] [6] [7] [8] [9] [14] [15] [16] . Blocking insulin secretion during the priming period had no effect on this potentiating memory [3, 8, 14, 16] . When glucose was given to normal subjects as a bolus injection rather than a prolonged infusion, instead of potentiation a decrease of the insulin response to subsequent stimulation was observed [3, 4, 10] . The induction of this refractory state in the islet, or inhibitory memory, was observed also with arginine, whether given as rapid intravenous injection or prolonged infusion [3] . As in the case of the potentiating memory, suppression of the insulin response during the priming period did not abolish the appearance of the subsequent refractory state [31.
The dissociation of the effect of glucose or arginine on acute insulin release from that inducing time-dependent modulations made us assume that these two actions are mediated by different cellular mechanisms [4] . Accordingly, the time-dependent potentiating action of glucose was intact in mildly diabetic subjects [17] and in an animal model of non-insulin-dependent diabetes, the spiny mouse [18] . We therefore expected that the arginine-induced refractoriness (TDI) of the islet would be similar in normal and diabetic man. Our results clearly show that in Type 2 diabetic patients, as well as in obese subjects with minimal chronic hyperglycaemia, sequential stimulations with arginine did not show the expected TDI. When mild hyperglycaemia was maintained in healthy volunteers, we were able to show that abolition of TDI was not due to some basic modification of the diabetic islet, or to longstanding hyperglycaemia. In these studies not only was the inhibition of the second insulin response to arginine abolished, but the response was significantly amplified. A similar tendency, albeit less pronounced, was also observed in the patient group.
The nature of the arginine-induced TDI is unknown. However, the results dearly indicate that glucose may interfere with it. The functional role of TDI might be related to the temporal difference between the tight stimulus-secretion coupling in the B cell on the one hand, and the time lag between insulin secretion and fall of blood glucose on the other hand. Unmodified B cell responses to repetitive stimulations might induce severe hypoglycaemia due to accumulation of insulin. Under hyperglycaemic conditions the risk of inducing hypoglycaemia by repetitive insulin discharges would be minimal.
The present study also emphasizes the quantitative aspect of the glucose-arginine synergism on insulin release, a fact often not appreciated. In normal man the effect of arginine on insulin release can be amplified fivefold or more by raising the plasma glucose to moderately hyperglycaemic levels (Table 1) . This is important when evaluating the insulin secretory capacity of Type 2 diabetics. It is often said that the deficiency of the insulin response in these patients is specific for glucose, while agents like arginine are quite efficient [19, 20] . Figure 2 may seem to justify such a statement: the insulin response to arginine was only marginally reduced in our diabetic patients. However, in terms of B cell function, the fallacy of such observations becomes apparent if one compares the arginine-induced insulin response of the diabetics not to that of normoglycaemic control subjects but to that of volunteers rendered hyperglycaemic by the glucose clamp technique (Fig.3) . Under such conditions, the controls responded to arginine with a ninefold greater integrated insulin response. Therefore it seems clear that, if evaluated correctly by reference to proper controls, the insulin deficiency of Type 2 diabetic patients is as great whether arginine or glucose is used as a stimulus.
